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Abstract 
Recently, conventional aluminum alloys have replaced aluminum matrix composites due to its improved mechanical properties in 
many engineering applications. In this research hybrid aluminum matrix composite was manufactured for different combinations 
of Alumina and graphite by using stir casting method. Examination of hardness, compression tests, Impact strength and three 
point bending test of various manufactured hybrid AMCs revealed that mechanical properties were improved when AA 6063 
alloy was reinforced with alumina and graphite particles.  Mechanical characterization shows that the presence of 6% of alumina 
particles in the matrix improved Mechanical properties than other combination of alumina with matrix material. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Metal matrix composites (MMCs) are one of the important and widely known composites because of their large 
variety of properties offered in combining many possible matrices and reinforcements which allows altering material 
properties to meet specific requirements [1]. MMCs show greater to conventional materials in terms of improved 
physical, mechanical, and thermal properties that include high specific strength and modulus, low density, high 
abrasion and wear resistance and high thermal conductivity [2]. MMCs possess combination of metallic properties 
of matrix alloys with ceramic properties of reinforcements that leads to superior strength and higher service-
temperature capabilities [3]. Aluminum, magnesium, titanium, and their alloys are commonly used metallic matrices 
for the production of MMCs [4]. Among various matrix materials, aluminum matrix composites (AMCs) are very 
smart on account of their flexibility in processing [5]. AMCs are well-known for their high-specific strength, 
hardness, and attractive tribological properties. Due to high strength to weight ratio, AMCs are the best suitable 
material for structural applications in aircraft, automotive and military industries compared to other MMCs [6] 
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Particulate reinforced metal matrix composites (PRMMCs) can be subjected to a variety of secondary 
forming operations including extrusion, rolling and forging. Due to this character, it can be used for various 
structural applications and also automotive field [7]. Moreover, PRMMCs consists of a uniform distribution of 
strengthened ceramic particles embedded within a metal matrix. Divecha et al. [8] have expressed that the PRMMCs 
exhibits higher strength and stiffness, in addition to isotropic behavior at a lower density, when compared to the 
unreinforced matrix material. Most economical route for MMCs production is liquid metallurgy technique. In that,  
stir casting process has some important advantages: the wide selection of materials, better matrix–particle bonding, 
easier control of matrix structure, simple and inexpensive processing, flexibility and applicability to large quantity 
production and excellent productivity for near-net shaped components [9]. 
The wear resistance of the composites was higher than that of base alloy. While increasing SiC 
reinforcement, Yang [10] observed that hardness of aluminum composite were increased. Improved hardness results 
in decrease in wear rate. Natarajan et al. [11] found that hardness and strength of composites increases with the 
fineness of the reinforcement and matrix grain size which led to lowering of wear rates. Composites with multiple 
reinforcements called hybrid composites have improved mechanical and tribological properties when compared to 
single reinforced composites and hence these hybrid composites have found a better substitute for many applications 
instead of single reinforced composites. Suresha et al. [12] noted that Al–SiC–Gr hybrid composites were best suited 
than Al–SiC composites due to its better mechanical properties and lesser amount of wear. Generally, volume 
fraction of reinforcements would influence the mechanical properties of aluminum alloys.  
Arsenault [13] and Wang and Zhang [14] found that yield strength and tensile strength were increased, and 
toughness and ductility were decreased with increase in volume fraction of ceramic particulates. Yilmaz [15] 
produced hybrid composites of Al-10 wt. % Al2O3-x wt.% Gr (x = 0, 1, 2, 3, 4 and 5 wt.%) and observed that the 
surface texture parameters are decreasing as graphite content increases in the matrix. However, the hardness of 
hybrid composites started to decrease when the graphite content in the matrix was more than 1wt%. Basavarajappa 
et al.  [16] reported that addition of hard particulates makes them extremely difficult to machine as they lead to rapid 
tool wear and incorporation of graphite particle into aluminium MMCs improves the machinibility of the composite. 
Ted Guo and Tsao [17] concluded that addition of Gr particulates facilitates easy machining and results in reduced 
wear of Al–Gr composites compared to Al alloy. But high amount of Gr may result in increase of wear due to 
decrease in fracture toughness with increase in percentage of reinforcement of Gr particulates. From the literature 
review, it can be understood that only less research work was carried out based on AA6063 alloy reinforced with 
Al2O3 and Gr hybrid composites and found that 1% wt.of  Gr will be suitable for easy machining. The main 
objective of the present work is to manufacture the AA 6063-x wt.% Al2O3-1wt.% Gr (x = 0, 3, 6, 9 and 12 wt.%) 
hybrid composites via stir casting method, and investigate its mechanical behavior in terms of hardness, 
compression tests, Impact strength and three point bending test in as-casted & as-hardened condition.  
2. Materials and Experimental Method 
2.1 Materials characterisation 
In the present work, AA 6063 was chosen as a matrix alloy based on several works published by various 
authors. The chemical composition of AA 6063 is shown in Table 1. The Alumina (Al2O3) particles of size 20 μm 
and Graphite Particles of average size 80μm are used as the reinforcement materials for fabrication. X-ray 
diffraction (XRD) test was carried out to conﬁrm the received particles of Al2O3 and Gr. XRD phase evaluation was 
performed on D/MAX ULTIMA III XRD machine and conformed that the used Al2O3 particles were α-Al2O3 and 
used Graphite particles were commercial Graphite.  
 
Table1. Chemical composition of as-received AA 6063 Al alloy by weight% 
. 
Element(s) Mg Si Mn Fe Cu Zn Ti Cr Al 
Weight % 0.483 0.43 0.02 0.27 0.015 0.024 0.008 0.005 98.74 
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 Fig .1 XRD Graph of as received Alumina and Graphite particles 
 
2.2. Manufacturing of hybrid composites 
 
The hybrid composites of AA 6063-x wt.% Al2O3-1 wt.% Gr (x = 3, 6, 9 and 12 wt.%) were manufactured 
via stir casting . For comparison, pure AA 6063 Al alloy was also manufactured. Before casting, both Al2O3 and Gr 
were kept in smaller crucible and heated by pre-heating furnace (25-30 minutes) at 400-4500C for improving the 
wettability with the matrix and to remove the moisture. After pre-heating the reinforcements, the AA 6063 matrix 
alloy was melted at 800°C in a graphite crucible using Induction electric resistance furnace. The degassing tablets of 
Hexa-Chloro Ehane (C2Cl6) were added over the melt for removing the unwanted gases entrapped in the melt.  
 
 
 
 
 
 
 
 
 
Fig.2 Stir casting setup 
The reinforcements added in to the molten matrix and stirred completely for 7 minute. The stirring speed 
was set at 465 rpm in the optimum range of 300 to 500 rpm . During stirring, the mixture of preheated reinforcement 
particles of Gr and Al2O3 was added inside the vortex formed due to stirring. Then, the molten alloy and hybrid 
composites in crucible were tilted and poured into the preheated permanent steel mould and allowed to cool in 
atmospheric air.  
 
 
 
Stir casting furnace 
Stirrer 
Control unit 
Pre-heating 
furnace
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2.3. Metallography and Mechanical Testing 
The manufactured composites were characterized using scanning electron microscopy (SEM). The 
specimens were polished using standard metallographic procedure and the polished samples were etched with 
Keller’s reagent. The selected hybrid composite in as-cast condition was examined using FEI Quanta FEG 200 – 
High Resolution Scanning Electron Microscope (HR-SEM) to show the distribution of reinforcement over the 
matrix.  
The cast composites were machined and the specimens for the measurement of hardness as well as for 
compression test were prepared as per ASTM standards. For Rockwell superficial harness the test specimen was 
prepared as a cube having its dimensions in the ratio of 1:1:1 and for compression strength the specimen was 
prepared as a rectangular bar having its dimensions in the ratio of 1:1:2.According to ASTM A370 the standard 
specimen size for Charpy impact testing is 10 mm x 10mm x 55mm was prepared for impact strength. In three-point 
bending test, the maximum bending load was evaluated. This load value was converted into flexural strength (MPa) 
value. The three point bending test specimens were shown in Fig 4. 
 
 
 
 
 
 
Fig.3 Samples of (a) Hardness (b)Compression test (C)Impact test specimens 
 
 
 
 
 
Fig. 4 Three point bending test specimen 
3. Result and Discussion 
3.1. Micro structural examination 
The manufactured composite specimens were polished using standard metallographic procedure and the polished 
samples were etched with Keller’s reagent. The selected hybrid composite in as-cast condition was examined using 
FEI Quanta FEG 200 – High Resolution Scanning Electron Microscope (HR-SEM). In order to conform the uniform 
distribution of reinforcement over the matrix for AA 6063-6wt.% Al2O3-1 wt.% Gr hybrid composite and to show 
the clustering/agglomeration of reinforcement for AA 6063-12wt.% Al2O3-1 wt.% Gr hybrid composite, the 
scanning electron micrograph (SEM) was taken and the same is shown in Fig. 5 (a) and (b). From Fig. 5(a), the 
uniform distribution and embedding of reinforcement over the matrix was clearly observed for AA 6063-6wt.% 
Al2O3-1 wt.% Gr hybrid composite. However, poor distribution of reinforcement and agglomerations/clustering of 
a
c 
b
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reinforcement was observed for AA 6063-12wt.% Al2O3-1 wt.% Gr hybrid composite. Therefore, a good 
mechanical behavior was expected to achieve by AA 6063-6wt.% Al2O3-1 wt.% Gr hybrid composite than AA 
6063-12wt.% Al2O3-1 wt.% Gr hybrid composite.  
 
 
 
 
 
 
 
 
 
Fig.5 Hybrid composite SEM micrograph of: (a) AA 6063-6 wt.% Al2O3-1 wt.% Gr, (b) AA 6063-12 wt.% Al2O3-1 wt.% Gr 
 
3.2. Examination of Hardness 
 
The greater the hardness of the metal, it has the greater resistance to deform. Composite specimens were 
prepared as per ASTM E18-12, for the measurement of hardness and results are presented in Table 2. . Rockwell 
superficial hardness method was used to measure the hardness of the composites. One set of the samples were 
retained without heat treatment to test in as-cast condition and another set was solutionized at 550°C for 1 h 
followed by quenching in water .The test was conducted at room temperature and the measurement of hardness was 
taken at three different places on each sample to obtain an average value of hardness. 
 
Table 2. Rockwell superficial hardness (15T) results of AA 6063- Al2O3 – 1 wt.% hybrid composite 
 
Sample No. Percentage of Al2O3 As-cast (HRT) As-hardening (HRT) 
0 0 44.14 64.1 
1 3 47.4 66.5 
2 6 50 70.6 
3 9 48.6 69.0 
4 12 47.4 64.2 
 
 
 
 
 
 
 
 
 
 
 
a b 
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Fig. 6 Hardness Values of  AA 6063-x wt.% Al2O3 – 1 wt.% Gr (x = 0, 3, 6, 9 and 12)  
The results explained that the hardness was improved by the addition of reinforcements in the matrix externally 
called ex-situ method. From Fig.6, it was observed that when the addition of Al2O3 reinforcement increases from 0 
to 6 wt.% , improvement of hardness values were observed. However, as the reinforcements increase beyond 6 wt.% 
of Al2O3, the experimental hardness started to decrease. In addition, the hardness of as-hardened samples exhibited 
very high value than as-casted condition. The highest hardness value of 71 HRT was observed for AA 6063-6wt.% 
Al2O3-1 wt.% Gr hybrid composite in as-hardened condition which was 40 % more than as-cast condition.  
 
3.3. Examination of compressive strength 
 
In MMCs, compressive strength can be calculated accurately than tensile strength in as-casted condition. 
Because of porosity present in the cast material, it would produce inaccurate result in tensile strength. Whereas, the 
porosity of the component would not influence the compressive strength due to compressive force applied on the 
materials. In the present work, the compressive strength of fabricated hybrid aluminium matrix composites were 
examined in as-cast, and as-hardened condition as per ASTM E9-09 standards and the results are presented in Table 
3.  
 
Table 3. Compressive strength results of AA 6063/ Al2O3p /1 wt.% Gr hybrid composite  
 
 
The variation of compressive strength with percentage of reinforcement is also shown in Fig. 7. It was observed 
that the compressive strength started to increase up to 6% of Al2O3 and then it decreases in both as-cast and as-
hardened conditions. This was attributed to the formation of agglomeration of reinforcement over the matrix beyond 
6% Al2O3. This was clearly observed and evidenced in SEM (Fig. 5(a) and (b)).  
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sample No. Percentage of Al2O3 Compressive Strength in (MPa) 
As Cast 
Compressive Strength in (MPa) 
As Hardened 
0 0 112.7 314.6 
1 3 193.2 315.6 
2 6 221.1 351.4 
3 9 202.0 341.3 
4 12 201.0 270.2 
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Fig. 7 Compressive strength of AA 6063-x wt.% Al2O3 – 1 wt.% Gr (x = 0, 3, 6, 9 and 12)  
The compressive strength of as-hardened hybrid composites were 314 MPa, 315 MPa, 352 MPa, 342 MPa and 
271 MPa for 0, 3, 6, 9 and 12 wt.% of Al2O3 in the matrix. Whereas, the compressive strength of as-casted hybrid 
composites were 113 MPa, 193 MPa, 221 MPa, 202 MPa and 201 MPa for 0, 3, 6, 9 and 12 wt.% of Al2O3 in the 
matrix. The improved compressive strength of as-hardened hybrid composites were 178%, 63%, 60%, 69% and 
35% higher than as-casted hybrid composites for 0, 3, 6, 9 and 12 wt.% of Al2O3 respectively in the matrix. 
Moreover, AA 6063-6 wt.% Al2O3-1 wt.% Gr hybrid composite exhibited higher compressive strength in both 
conditions among the investigated samples. 
 
3.4. Examination of Impact strength 
 
Impact strength of fabricated hybrid aluminium matrix composites were examined in as-cast and as-hardened 
condition and the results are presented in Table 4 and Fig 8. 
 
Table 4. Impact strength results of AA 6063/ Al2O3p /1 wt.% Gr hybrid composite  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8 Impact strength of AA 6063-x wt.% Al2O3 – 1 wt.% Gr (x = 0, 3, 6, 9 and 12)  
 
It was observed that the impact strength increased up to 6% of Al2O3 and then it starts to decrease in both as-cast 
and as-hardened conditions. The impact strength of as hardened Hybrid composites were 54 J, 78 J, 118J, 106 J and 
89 J for 0, 3, 6, 9and 12 wt.% of Al2O3 in the matrix. Whereas, the impact  strength of as-casted hybrid composites 
were 42 J,59 J, 82J,71 J and 58 J for 0, 3, 6, 9 and 12 wt.% ofAl2O3 in the matrix. The impact strength of as-
hardened hybrid composites was higher than as-casted hybrid composites. From that result it was observed that AA 
Sample No. Percentage of Al2O3 Impact Strength in (J) 
As Cast 
Impact Strength in (J) 
As Hardened 
0 0 42 54 
1 3 59 78 
2 6 82 118 
3 9 71 106 
4 12 58 89 
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6063-6 wt.% Al2O3-1 wt.% Gr hybrid composite have highest impact strength than other samples of hybrid 
composite. The impact strength of 6% alumina reinforced composite in hardened condition was 118 MPa which is 
280% higher strength than unreinforced AA6063.  
 
3.5. Examination of Flexural strength 
 
Three point bending test was realistic instead of tensile test and compression test in investigating of particle 
reinforced metal matrix composites. Three point bending test was performed to reveal the flexural strength of 
aluminum with 1 wt.% of graphite composite and with different percentage additions of aluminum oxide.  
 
Table 5. Flexural strength results of AA 6063/ Al2O3p /1 wt.% Gr hybrid composite  
 
Three point bending test was performed for fabricated samples in as cast and also hardened condition. Test 
results of three point bending are given in the table 5 as flexural strength (MPa) and in fig 9.From that results it 
shows that highest flexural strength was noticed in 6% Alumina reinforced hybrid composite material. The highest 
value of flexural strength was observed as 491.7 MPa in Hardened AA 6063-6 wt.% Al2O3-1 wt.% Gr which is three 
times higher than the unreinforced AA6063.Here it is also noted that strength was started to increase up to 6% of 
Al2O3 and then it started to decrease in both as-cast and as-hardened conditions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9 Flexural strength of AA 6063-x wt.% Al2O3 – 1 wt.% Gr (x = 0, 3, 6, 9 and 12)  
The reasons for improvement of Mechanical properties for AA 6063-6 wt.% Al2O3-1 wt.Gr hybrid composite 
can be explained by the scanning electron micrographs (Fig. 5 (a) & (b)). Fig. 5(a) clearly shows the uniform 
distribution of reinforcement over the matrix. Further, there was no cluster formation of reinforcement in the matrix. 
However, the scanning electron micrograph of AA 6063-12 wt.% Al2O3 -1wt.% Gr hybrid composite (Fig. 5(b)) 
shows the cluster formation of alumina in the matrix which deteriorate the mechanical properties. As the addition of 
reinforcements was done at the higher temperature, there was a chance for disintegration of reinforcement particles 
in the matrix which led to formation of clustering in the matrix when optimum stirring parameters was set. The 
improved Mechanical properties were attributed to the contribution of finer particles of alumina in the matrix. 
Sample No. Percentage of Al2O3 Flexural strength As cast(MPa) Flexural strength As Hardened(MPa) 
0 0 166.7 216.7 
1 3 250.0 291.6 
2 6 366.6 491.7 
3 9 200.0 250.0 
4 12 191.7 200.0 
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Further, the improvement of strength was expected to the contribution of controlled precipitation of E’-Mg2Si 
particles in the matrix after hardening. Moreover, AA 6063-6 wt.% Al2O3-1 wt.% Gr hybrid composite exhibited 
higher strength in both conditions among the investigated samples. This was attributed to good uniform distribution 
of reinforcement over the matrix and optimum precipitation of E’-Mg2Si particles might be occurred in the matrix. 
 
4. Conclusions 
In the present work, AA 6063-x wt.% Al2O3-1 wt.% Gr (x = 0, 3, 6, 9 and 12) hybrid composite was successfully 
fabricated by stir casting method. The effect of Al2O3 reinforcement in the matrix in terms of microstructures, 
hardness, compressive strength and impact strength was investigated and reported in as-cast and as-hardened 
condition. The optimum percentage of reinforcement was also found and its mechanical behaviour in terms of 
compressive strength was examined in as-hardened and as-cast condition. From the results of this study, the 
following conclusions were drawn: 
x The scanning electron micrographs revealed the effect of reinforcement on the matrix grain size, 
distribution of reinforcement and clustering/agglomeration of reinforcement in the matrix. 
x The hardness, compressive strength, impact strength and flexural strength of hybrid composite increases 
with increase in percentage of reinforcement up to 6% alumina in as-cast and as-hardened condition. This 
was attributed by uniform distribution of reinforcement and further increase diminished the mechanical 
properties due to clustering/agglomeration. 
x Highest hardness, compressive strength, impact strength and flexural strength was obtained for AA 6063-6 
wt.% Al2O3-1 wt.% Gr hybrid composite. 
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